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INTRODUCTION
Sb and Bi clusters are very interesting species showing a semimetal to semiconductor transition. This is very important for thermoelectronic nanodevices, such as with onedimensional nanostructured materials including nanowires, nanorods, nanobelts, and nanotubes, which have applications as interconnect and functional units in electronic, optoelectronic, electrochemical, thermoelectric, and electromechanical nanodevices ͑see for example, Refs. 1 and 2, and references therein͒. Since these clusters can be easily oxidized, studies of their oxides, as well as their oxide anions, are very important. In addition, antimony oxide has very important catalytic applications, such as in the direct synthesis of acrylonitrile from propane rather than from propene 3 and in the extremely demanding catalytic partial oxidation of methane to methanol 4 ͑see also Refs. 5 and 6, and references therein͒.
In these connections, we have recently reported two ab initio studies on antimony dioxide ͑SbO 2 ͒ and its cation ͑SbO 2 + ͒. 5, 6 In these studies, the ground electronic states of SbO 2 and SbO 2 + have been established to be the X 2 A 1 and X 1 A 1 states, respectively. In addition, some low-lying doublet and quartet excited states of SbO 2 , 5, 6 and low-lying singlet and triplet excited states of SbO 2 + , 5 were investigated. Reliable adiabatic and/or vertical excitation and ionization energies from the X 2 A 1 state of SbO 2 to low-lying excited states of SbO 2 and states of SbO 2 + , respectively, were computed with a view to assist future spectroscopic identification of SbO 2 and SbO 2 + via their electronic spectra, using methods such as absorption or laser induced fluorescence spectroscopy and/or ultraviolet photoelectron spectroscopy, which are yet to be recorded. Completing this series of computational studies on antimony dioxide and its ions, we report ab initio calculations on lowlying singlet and triplet states of the anion of antimony dioxide ͑SbO 2 − ͒. Additional ab initio calculations have been carried out on SbO 2 in order to simulate the photodetachment spectrum of SbO 2 − . To our knowledge, no previous experimental or computational study has been carried out on SbO 2 − . It is noted, however, that the photodetachment spectrum of PO 2 − was reported ten years ago.
7

THEORETICAL CONSIDERATIONS AND COMPUTATIONAL DETAIL
Ab initio calculations
The basis sets used in the present study, including largecore and small-core effective core potentials ͑ECPs͒ employed for Sb, associated valence basis functions, [8] [9] [10] augmented tight functions 6 to the small-core ECP basis set, ECP28MDFគaug-cc-pV5Z for outer core electrons of Sb, and other details, such as the corresponding frozen core used and electrons to be correlated in the correlation calculations, are summarized in Table I ͑see Ref. 6 for more information on the basis sets used͒. The computational strategy of the present study essentially follows that of our previous work 5, 6 and hence will not be repeated here. Briefly, initial survey calculations were carried out at relatively low levels of theory ͑e.g., CASSCF, MP2, B3LYP, HCTH407, and PW91PW91͒ with relatively small basis sets ͑e.g., basis sets A and B1; see Table I͒ . Further higher level calculations ͓e.g., CASSCF/MRCI and RCCSD͑T͔͒ with larger basis sets ͑e.g., basis sets C, D, and E; see Table I͒ were then performed in order to obtain more reliable minimum-energy geometries, harmonic vibrational frequencies, and relative electronic energies.
Spin-orbit ͑SO͒ interaction calculations were carried out between low-lying states of SbO 2 as described previously 5, 6 using either the Breit-Pauli operator or a SO pseudopotential and averaged-state CASSCF wave functions of the states involved. These calculations are for the purpose of assessing the effects of SO coupling on computed relative electronic energies, such as vertical photodetachment energies ͑VDEs͒. Although all electronic states considered in the present study are nondegenerate states ͑all states of C 2v symmetry are nondegenerate states͒ and hence there is no first order or diagonal spin-orbit interaction in these states, off-diagonal spinorbit interactions between states, which are close to each other in energy, may be significant for a molecule containing the heavy fourth row element Sb. When the Breit-Pauli operator was employed, uncontracted s, p, and d functions of the all-electron DZVP-DFT-orb basis sets 11 were used for Sb and O. When the SO pseudopotential of the ECP46MDF ECP ͑Ref. 12͒ was used in the SO interaction calculations, uncontracted s, p, and d functions of the ECP46MWBគaug-cc-pVQZ and aug-cc-pVQZ basis sets were used for Sb and O, respectively. ͑The ECP basis set used for Sb in these SO calculations is denoted as BគSO in Table I 2 were calculated employing basis set B. The multireference CASSCF/MRCI method was employed in these energy scans because in some regions of the potential energy surfaces of the electronic states considered, which are far away from the respective equilibrium geometries, multireference character was found to be significant. The ranges of the geometrical parameters and the total number of energy points for each state covered by the energy scans are given in Table II. These energy points have excluded those whose largest CI coefficients in the MRCI wave function have computed values of less than 0.70. In addition, all the energy points included in the ranges given in Table II and used for the fitting of the PEFs have computed values of the sum of the squares of the CI coefficients of all reference configurations ⌺͑C ref ͒
2 larger than 0.93, indicating that the MRCI wave functions are adequate for the states in the regions concerned. All calculations of the present study were performed using the MOLPRO suite of programs.
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Potential energy functions, anharmonic vibrational wave functions, and Franck-Condon factor calculations
For each electronic state studied, the PEF, V, was determined by fitting the following polynomial to an appropriate number of single point energies as discussed above:
In this equation, S 1 ͑the symmetric stretching coordinate͒ is expressed in terms of a Morse type coordinate,
where r is the SbO bond length and r eqm is the equilibrium bond length. S 2 ͑the symmetric bending coordinate͒ is expressed as
where ⌬ is the displacement in the ͑OSbO͒ bond angle from the corresponding equilibrium value. 15 The nonlinear least squares fitting procedure, 16 NL2SOL, was employed to obtain the C ij 's, V eqm , r eqm , eqm , ␣, ␤, and ␥ values from the computed single point energy data. The asymmetric stretching mode has not been considered because for the photodetachment of an electron from a C 2V anion to a C 2V neutral molecule, this mode is only allowed in double quantum excitations.
Variational calculations, which employed the rovibrational Hamiltonian of Watson for a nonlinear molecule 17 and the ab initio PEFs discussed above, were carried out to obtain the anharmonic vibrational wave functions and their corresponding energies ͑see Refs. 18 and 19 for details͒. The anharmonic vibrational wave functions were expressed as linear combinations of harmonic oscillator functions h͑v 1 , v 2 ͒, where v 1 and v 2 denote the quantum numbers of the harmonic basis functions for the symmetric stretching and bending modes, respectively. 18, 20 The maximum v 1 and v 2 values of the harmonic basis used and the restriction of the maximum value of ͑v 1 + v 2 ͒ imposed for each electronic state studied are given in Table II . Franck-Condon ͑FC͒ factors were computed employing anharmonic vibrational wave functions and allowing for the Duschinsky rotation, as described previously. 18, 20 Three photodetachment bands of SbO 2 − , which lead to the II. The ranges of bond lengths ͓r͑SbO͒ in Å͔ and bond angles ͓͑OSbO͒ in deg͔, the number of points of the CASSCF/MRCI/ECP46MWBគaug-cc-pVQZ, aug-cc-pVQZ ͑for Sb, O, respectively͒ energy scans, which were used for the fitting of the potential energy functions ͑PEFs͒ of the the RCCSD͑T͒/B level of calculation. Assuming that the fourth harmonic of a Q-switched Nd 3+ doped yttrium aluminum garnet laser, which has a photon energy of 266 nm ͑4.66 eV͒, is used as the photon source in the photodetachment experiment ͑see, for example, Refs. 21 and 22͒, only the first three photodetachment bands of SbO 2 − are expected to be observed. The relative intensity of each vibrational component in a simulated photodetachment band is given by the corresponding computed anharmonic FC factor. Each photodetachment band was simulated assuming a Boltzmann distribution population of the low-lying vibrational levels of the X 1 A 1 state of SbO 2 − at a vibrational temperature of 300 K.
RESULTS AND DISCUSSION
Ab initio calculations
Some of the representative and/or higher level ab initio results obtained are summarized in Tables III-VI . Firstly, the computed relative electronic energies ͑vertical excitation energies T v from the X 1 A 1 state of SbO 2 − ͒ of eight low-lying electronic states of SbO 2 − obtained at the CASSCF/MRCI/B level of calculation and also the two electronic configurations with the largest computed CI coefficients in the MRCI wave function of each state are given in Table III . In all cases, the largest CI coefficient of each state is larger than 0.85, indicating that CI mixing is in general small for all these states in the vertical excitation region ͑from the X 1 A 1 state of SbO 2 − ͒. Therefore, it is concluded that single reference correlation methods should be adequate for these lowlying anionic states of SbO 2 − . 
States
Configurations Nevertheless, it appears that the effects of correlation arising from the inclusion of 4s 2 4p 6 core electrons of Sb on the computed minimum-energy geometrical parameters are insignificantly small ͑of the order of 0.0006 Å and 0.1°, differences between using basis sets D and E͒ and can therefore be ignored.
Harmonic vibrational frequencies have been computed employing basis sets B and C at the RCCSD͑T͒ level for both the X 1 A 1 and ã 3 B 1 states of SbO 2 − ͑Table IV͒. For each state, the differences between the computed values using these two basis sets are less than 20 cm −1 , which may be taken as the estimated theoretical uncertainty of these values. Fundamental and harmonic vibrational frequencies of the symmetric stretching and bending modes have been calculated using the CASSCF/MRCI/B PEF for the X 1 A 1 state.
The differences between the computed fundamental and harmonic vibrational frequencies are small ͑Ͻ5 cm −1 ͒, suggesting small anharmonicities for both the symmetric stretching and bending modes at least near the equilibrium geometry. Computed harmonic vibrational frequencies of these two symmetric vibrational modes were obtained from both the Results from additional calculations on some low-lying states of SbO 2 obtained in the present study and also some relevant results from our previous work 6 are summarized in Table V . Similar to results obtained for SbO 2 − discussed above, computed values of r e for all three lowest-lying states of SbO 2 increase from using basis set B to basis set C but then decrease from using basis set C to basis sets D and E. Table VI͒ . From a theoretical viewpoint, the RCCSD͑T͒ method is superior to the MRCI method because the former is size consistent, but the latter is not. From a computational viewpoint, the RCCSD͑T͒ method is considerably less demanding than the MRCI method with the same basis set. With the MRCI method, basis set C is the largest basis set which could be used within the computational capacity available in this work. ͑For the low-lying doublet electronic states of SbO 2 considered, the total number of internally contracted and of uncontracted configurations are 19.5ϫ 10 6 and over 9 ϫ 10 9 , respectively, when basis set C is used.͒ Fourthly, zero-point vibrational energy ͑ZPVE͒ corrections to computed EAs for all three photodetachment bands considered, as estimated from the computed vibrational frequencies obtained in the present study, are negligibly small ͑less than 0.005 eV, when the fundamental frequencies of the two symmetric vibrational modes are used to evaluate ZPVE͒. In conclusion, based on the RCCSD͑T͒ results obtained using different basis sets in this work, the computed EA and VDE values obtained at the highest level of calculation ͓i.e., the RCCSD͑T͒/E level͔ should be accurate to ±0.01 eV ͓estimated based on the largest differences between the corresponding computed RCCSD͑T͒/E and RCCSD͑T͒/B values of less than 0.02 eV͔. However, the VDE position of a photodetachment band depends on FC factors between the two electronic states involved, which will be discussed in the next section.
Before proceeding to the next section, it should be noted that VDEs were also computed employing basis sets of double-augmented quality ͑basis set B2; see Table I͒ and the differences between the computed VDE values using basis sets B and B2 are negligibly small. These calculations em- As footnote a, except that the spin-orbit effective core potential, ECP48MDF was used for Sb and the uncontracted s, p, and d functions of the ECP48MWBគaug-cc-pVQZ and aug-cc-pVQZ basis sets were used for Sb and O, respectively ͑also see text͒.
ploying basis set B2, which include an extra set of diffuse functions, were for the purpose of making sure that the X 1 A 1 state of SbO 2 − obtained in this work is not an electronic state with a dipole-bound electron in a diffuse orbital. In fact, the computed Hartree-Fock and CASSCF wave functions of all the anionic states of SbO 2 − obtained in the present study show that they are valence states with all occupied molecular orbitals having negligibly small contributions from diffuse functions ͑see Ref. 23͒.
PEFs, anharmonic vibrational wave functions, and simulated photodetachment spectrum
The fitted CASSCF/MRCI/B PEFs ͓see Eqs. ͑1͒-͑3͔͒ of the X 1 A 1 state of SbO 2 − and the X 2 A 1 , Ã 2 B 2 , and B 2 A 2 states of SbO 2 and the root-mean-square deviations of the fitted PEFs from the ab initio energy points are placed in the EPAPS supplementary material. 24 The first three photodetachment bands to the X 2 A 1 , Ã 2 B 2 , and B 2 A 2 states of SbO 2 , which are in the 3.4-4.6 eV EA region, have been simulated with a Gaussian linewidth of 0.01 eV full width at half maximum ͑FWHM͒ for each vibrational component and are shown in Fig. 1 . In the FC factor calculations and spectral simulations, the CASSCF/MRCI/B PEFs and the EAs and optimized geometries of the states involved obtained at the highest level, the RCCSD͑T͒/E level, of calculation were used. From Fig. 1 , it can be seen that the first three photodetachment bands of SbO 2 − are in the 3.4-3.8, 3.6-4.6, and 3.9-4.6 eV EA regions, respectively. The first band is expected to be separated from the second band, but the second and third bands will overlap heavily with each other. More detailed vibrational structures of these three photodetachment bands are shown separately in Figs. 2, 3 , and 4 ͑placed in EPAPS supplementary material͒, 24 where a FWHM of 0.001 eV was used in the simulations in order to show the vibrational structure more clearly. The computed FC factors of some major vibrational progressions and their vibrational designations are also given in these figures.
For the
band the major vibrational progression is the ͑0,v 2 Ј,0͒
← ͑0,0,0͒ progression. This is expected, as the change in the equilibrium bond angle of 10.68°͓at the RCCSD͑T͒/E level; see Tables IV and V͔ upon photodetachment is quite large. The vibrational component in this progression, which has the largest computed FC factor, is the ͑0,2,0͒ ← ͑0,0,0͒ transition and it gives the VDE position of 3.612 eV for this photodetachment band. The first observable vibrational component at 3.462 eV EA is actually a "hot" band arising from the ͑0,0,0͒ ← ͑0,3,0͒ transition. The ͑0,0,0͒ ← ͑0,0,0͒ component at 3.561 eV EA, which gives the adiabatic EA, has a significant computed FC factor but is very close in energy to the hot band component, ͑0,1,0͒ ← ͑0,1,0͒ at 3.553 eV EA. With a typical photodetachment experimental resolution ͑e.g., 30 meV͒, these two vibrational components are not expected to be resolvable ͓see, for example, the simulated first photodetachment band with a FWHM of 0.01 eV in Fig. 1 ͑bottom trace͔͒. Lastly, with a Boltzmann vibrational temperature of 300 K, hot bands arising from the ͑0,1,0͒, ͑0,2,0͒, ͑1,0,0͒, and ͑0,3,0͒ vibrational levels of the X 1 A 1 state of SbO 2 − should be observable in all three simulated photodetachment bands.
The major vibrational progression of the simulated monic vibrational wave functions are only of the order of 0.3, suggesting very strong mixing. From the computed irregular relative vibrational energy separations of these few anharmonic vibrational levels, the interactions of these few vibrational levels are almost certainly due to Fermi resonances. Consequently, these interactions lead to irregular computed FC factors and energy positions for transitions to these upper state vibrational levels in the 4.2 eV EA region of the simulated photodetachment spectrum ͑see the bar diagrams of the FC factors of some major vibrational progressions given in Fig. 3 , which is placed in the EPAPS supplementary material 24 ͒. The main vibrational progression in the simulated Lastly, a mistake in our previous studies 5, 6 regarding SO interaction calculations that were carried out employing a spin-orbit pseudopotential has to be corrected. The reported ECP46MWB ECP used in our previous studies for SO calculations should actually be the ECP46MDF ECP used in the present study, as a SO pseudopotential is available for the latter ECP, but not the former. Nevertheless, the conclusion made in our previous studies 5, 6 that contributions from offdiagonal SO interaction to computed relative electronic energies are negligibly small is still valid with the ECP46MDF ECP. For the sake of completeness, computed relative electronic energies, without and with SO contributions ͑calcu-lated employing the ECP46MDF ECP͒, of eight low-lying doublet states and four low-lying quartet states of SbO 2 are given in Table VII While the first photodetachment band to the X 2 A 1 state of SbO 2 is largely separated from the second and third photodetachment bands to the Ã 2 B 2 and B 2 A 2 states of SbO 2 , the latter two bands overlap significantly. For each of these three photodetachment bands, the vibrational structure involves a long vibrational progression in the bending mode of the upper state, particularly for the second band involving photodetachment to the Ã 2 B 2 state of SbO 2 . The present study has completed a study on SbO 2 and its ions with the main aim of providing information to assist their future spectral identification.
Lastly, it should be noted that possible nonadiabatic interactions between low-lying electronic states of SbO 2 and Darling-Dennison interactions between 2 1 and 2 3 of each electronic state of SbO 2 / SbO 2 − have not been considered in the present study. Since the energy separations between lowlying electronic states of SbO 2 and the energy difference between 1 and 3 of each electronic state of SbO 2 / SbO 2 − studied are quite small, both nonadiabatic and DarlingDennison interactions could be significant. These interactions would cause the observed photodetachment spectrum of SbO 2 − to be more complex than the simulated one reported here. Nevertheless, the present study should provide a basis for further investigations on these more subtle effects ͑see, for example, Refs. 25 and 26͒, though it is unlikely that a typical moderate-resolution laser photodetachment experiment ͑such as that of Ref. 21 or 22͒ would yield a spectrum, which would reveal such effects. 
